We analyzed individual motor units during electrically-elicited cramp contractions with 34 the aim of characterizing the variability and degree of common oscillations in their discharges. 35
during cramps showed a range of discharge rates similar to that observed during voluntary 48 contractions but larger ISI variability, probably due to large synaptic noise. Moreover, the 49 discharge rates of the active motor units showed common oscillations. Bursts of 150 rectangular stimuli (152-μs duration each) at current intensity 30% higher 135 than that eliciting the maximal M-wave were delivered at frequencies increasing from 4 Hz at 136 increments of 2 Hz until the cramp was elicited. A resting period of 1 min separated each burst 137 of stimulation. The presence of a cramp was assessed by subject feedback, clinical observation 138 of a continuous muscle contraction that persisted after the cessation of the stimulation, and 139 presence of involuntary EMG activity after cessation of the stimulation. The frequency of the 140 burst that elicited a muscle cramp was defined as the cramp threshold frequency. 141
Procedures 142
Each subject participated in two experimental sessions on two days. During the first day, 143 surface EMG signals were acquired during the procedure for determining the cramp threshold 144 frequency. During the second day, a cramp was elicited by applying a burst of 150 stimuli at a 145 frequency corresponding to twice the cramp threshold frequency (Minetto et al. 2009 ), as7 determined in the first day. Five minutes after the elicitation of the cramp, the same stimulation 147 procedure was applied to elicit a second cramp in order to investigate the change in 148 susceptibility to cramps with repetitive cramp generation. The location of the stimulation and 149 recording electrodes was marked on the first day and reproduced in the second day. In the 150 second experimental day, surface and intramuscular EMG signals were concurrently recorded 151 during the first cramp, whereas only surface EMG signals were recorded during the second 152 cramp. 153
The subject was asked to keep the muscle relaxed both before and after the stimulation 154 period, to report immediately when he/she felt a muscle cramp, and to let the cramp develop 155 until it disappeared spontaneously without any resistance. A 0-10 visual analogue scale (VAS; 0 156
represented "no pain" and 10 represented "intolerable intense pain") was used to quantify the 157 pain associated to the development of the cramp. Skin temperature was monitored throughout 158 the experiments with a skin thermistor (Omega Engineering, Stamford, Connecticut) located 159 next to the stimulation electrode. 160
Signal analysis 161
Twenty-five (5 × 5) bipolar surface EMG signals were recorded with the electrode grid 162 along the direction of the muscle fibers. The interval of time during which the muscle was 163 active during cramp development was identified from the surface EMG using an algorithm for 164 the detection of muscle onset of activity (Merlo et al. 2003) . The EMG average rectified value 165 (ARV) was computed from each bipolar recording for intervals of 1-s duration. The 25 values 166 of ARV were averaged across the grid to obtain an estimate of the intensity of muscle activity, 167 whose maximum value across the time intervals was used for statistical analysis. From the identified motor unit spike trains, the standard deviation (SD) of the interspike 176 interval (ISI), which is an index of the absolute variability in discharge rate, and the coefficient 177 of variation (CoV, SD divided by mean value in %) for the ISI were computed over time from 178 consecutive sets of 30 discharges. 179
Moreover, to study the modulation in discharge, the instantaneous discharge rates were 180 smoothed by low-pass filtering (fourth order Butterworth filter, cut-off frequency 2 Hz) (De 181 Luca et al. 1982) . In order to identify common oscillatory components, the smoothed discharge 182 rates of motor unit pairs were analyzed with coherence spectra after removal of the mean value 183 In the first day, it was possible to evoke a cramp in the abductor hallucis muscle of all 209 subjects. These cramps were subjectively reported as moderately painful (VAS ratings of pain 210 ranged from 2 to 4) and evoked sensations identical to those experienced during spontaneous 211 cramps. The median (range) value of the cramp threshold frequency was 12 (8-20) Hz. 212
In the second day, it was possible to evoke the first cramp in all subjects, whereas the 213 electrical stimulation method did not evoke the second cramp in two subjects. The skin 214 temperature did not change between the first and the second trial (29.2 ± 1.0 °C vs 29.1 ± 215 1.6 °C; P = 0.21). The first cramp elicited in the second day started 4.5 ± 1.5 s before the end of 216 the stimulation burst in 10 of the 11 subjects and 15 s after the end of the stimulation in one 217 subject, as estimated from the surface EMG signals; when it could be elicited, the second cramp 218 always started during the stimulation burst (3.0 ± 1.0 s before the end of the stimulation). 219
Because the time interval between the initiation of the cramp and the end of the stimulation was 220 small and it was not possible to identify single motor unit activities before the end of the 221 stimulation (due to the presence of stimulation artefacts between consecutive stimuli that were 222 very close to each other), in the following results the characteristics of the cramps are referred to 223 the end of the stimulation, which was considered as approximately corresponding to the 224 beginning of the cramp. 225 Table 1 shows the stimulation parameters, cramp duration (starting from the end of the 226 stimulation burst), and surface EMG amplitude for the two cramps elicited in the second day. 227 Figure 2 shows an example of surface EMG signals detected during the two cramps in one 228 subject. In this example, the duration of the first cramp (~30 s from the end of the stimulation) 229 was longer than the duration of the second cramp (~5 s from the end of the stimulation). From 230 the group data, the duration of the first cramp was longer than that of the second cramp (31.4 ± 231 21.0 s vs 11.7 ± 16.3 s; P<0.01), whereas the peak EMG amplitude was not significantly 232 different between the two cramps (67.5 ± 19.1 μV vs 53.1 ± 22.2 μV; P = 0.37). 233
Insert Table 1 and Figure 2  234 Motor unit discharge rate 235
The motor unit behaviour was analyzed only for the first cramp of the second day, during 236 which intramuscular EMG signals were recorded. Figure 3 shows the behaviour of two motor 237 11 units activated during the first cramp of the second day in two subjects. These motor units were 238 active for ~40 s during which their action potentials could be tracked accurately. Their 239 discharge rate initially increased for approximately 5-10 s and then decreased to a value of ~6 240 pulses per second (pps) before the units were derecruited. A similar behaviour was observed for 241 all the identified motor units, as it was seen from the following group data analysis. 242
In total, 48 motor units were identified (4.4 ± 1.7 motor units per subject, range 2-7) 243 from the intramuscular EMG recordings. The average interval of activation of the identified 244 motor units was 23.6 ± 16.2 s. The average discharge rate over the interval of activity (n = 48 245 motor units) was 14.5 ± 5.1 pps. However, the peak rate had a large variability across units 246 (25.0 ± 8.0 pps; range 13.9 -46.7 pps). A relatively small proportion of motor units (6/48) had 247 peak rates >30 pps. All motor units (n = 48) reached the peak in discharge rate within the first 248 30% portion of the activation time (mean value for the 48 motor units: 14 ± 11%). As it was 249
shown representatively in Fig. 3 , after reaching the peak, the motor unit discharge rate decreased 250 during the recordings and reached the minimum in the last 2 s of activation (6.0 ± 0.8 pps; range 251 4.9-8.4 pps; significantly different from the peak, P < 0.001). The relative decrease in discharge 252 rate from the peak to the minimum value was 74.0 ± 7.9% (range in decrease, 57.3 -87.0 %), 253
with an average rate of change (calculated as relative decrease in discharge rate divided by the 254 time interval between peak and minimum) of -7.8 ± 7.4 %/s (range -1.6 to -28.6 %/s). 255 Figure 4 shows the mean discharge rates at each 10% portion of the activation interval 256 for the identified motor units (n = 48). The discharge rates in the first four intervals were greater 257 than in the last four intervals of activity (P < 0.01). Moreover, the fifth interval corresponded to 258 greater rates than the last three (P < 0.01). 259
Insert Figures 3 and 4 260
Discharge rate variability 261
As it can be observed in Figs. 3 and 5, the motor unit discharge rate had large variability. 262
The average CoV for the ISI (n = 48 motor units) was 44.6 ± 9.7%, which is larger than usually 263 2005). CoV for the ISI did not change (P = 0.14) during the interval of activity and it was 44.8 265 ± 13.5 % (range 6.6 -80.4 %) in the first 2 s and 40.7 ± 13.6 % (range 14.8 -70.2 %) in the last 266 2 s of activity. The high coefficient of variation corresponded to a low correlation between the 267 nth and the (n+1)th ISI value (R = 0.17 ± 0.18). In 38 motor units, the SD of ISI was positively 268 correlated to the mean ISI (R 2 = 0.37 ± 0.19, range 0.07 -0.83, P < 0.05) with slope of the linear 269 regression 0.33 ± 0.12, whereas there was no significant association between mean and SD of 270 the ISI in the remaining 10 motor units. 271
The large variability in discharge rate caused the occasional observation of discharges 272 occurring at very short time interval from each other. There were 1.5 ± 1.8 % (range 0.1-7.1 %) discharges with ISI<10 ms (instantaneous rate >100 278 pps) and these discharges were identified in 20 motor units. On average, 4.0 ± 5.9 (range 1.0 -279 27.0) discharges with ISI < 10 ms were identified per motor unit. The relative proportion of 280 doublets relative to the total number of discharges was maximum in the first 10% time of 281 activity and decreased over time ( Figure 5D , Friedman's ANOVA P<0.0001). However, the 282 number of discharges with ISI<10 ms or <20 ms was similar to the theoretical estimate obtained 283 13 by assuming a Gaussian distribution of ISI with the observed mean and variability in ISI. For 284 example, the expected number of ISI<10 ms and <20 ms for a mean ISI of 50 ms (20 pps) and a 285
CoV for ISI of 37% (within the range of the observed values) is ~1% and ~5%, respectively, 286 similar to the measured values. Thus, discharges at very high instantaneous rate were 287 determined by the high variability in discharge. 288
Insert Figure 5 289
Modulation of discharge rate 290 Fig. 6A shows the smoothed discharge rates for two motor units and Fig. 6B the 291 coherence spectrum for this motor unit pair. In this example, the two discharge rates have 292 significant coherence with two peaks at frequencies 0.8 Hz and 1.7 Hz. When all the pairs of 293 motor unit discharges were analyzed (96 motor unit pairs), the coherence spectra between 294 smoothed discharge rates of 29 pairs showed one significant peak. For these motor units, the 295 peak was located at 1.4 ± 0.4 Hz (range 0.7-2.2 Hz) and had amplitude of 0.51 ± 0.24 (range 296 0.17-0.95). Moreover, in 8 out of the 96 motor unit pairs, the coherence spectrum between 297 smoothed discharge rates showed two significant peaks (as in a representative example in Fig.  298 6B) that were located at 1.3 ± 0.5 Hz (range 0.6-1.9 Hz) and 1.5 ± 0.5 Hz (range 0.9-2.2 Hz) and 299 had amplitudes of 0.61 ± 0.07 (range 0.48-0.70) and 0.54 ± 0.06 (range 0.46-0.62), respectively. 300
The frequencies at which the coherence spectra peaked did not change over time during the 301 interval of motor unit activity, as shown in the example of Fig. 6C . 302 this example showed different behaviours. In the first pair (Fig. 7E) , the cross-correlation 313 function peaked occasionally during the contraction and was significantly greater than zero in 314 one interval of 4 s during the activation period. Twenty-one out of the 26 pairs with significant 315 cross-correlation showed a behaviour similar to the two units in Fig. 7E ; for these pairs, the 316 cross-correlation function reached values >0.3 in at least one interval of 4-s duration but not for 317 the entire duration of activity. In 9 of the 21 pairs with this behaviour, the time-lag 318 corresponding to the peak cross-correlation changed sign during the interval of activation, 319
indicating that within the interval of activity the discharge rate of one unit was first delayed and 320 then anticipated with respect to the discharge rate of the other unit in the pair. In the second 321 representative motor unit pair showed in Fig. 7F , the cross-correlation peak was significantly 322 different from zero (and >0.3) during the entire period of motor unit activation; this behaviour 323 was observed in 5 out of 26 pairs. In these motor unit pairs, the time-lag corresponding to the 324 maximum of the cross-correlation function changed sign over time, as also shown in Fig. 8 . Cutsem et al. 1997). In the assessment of the maximal discharge rates, we should account for 336 the possibility that the peak discharge was not identified because the cramp started before the 337 end of the stimulation whereas the motor units could be identified only after the stimulation. 338
However, it is unlikely that much greater discharge rates could be identified before the 339 stimulation end. First, the cramp initiated on average only 4.5 s before the stimulation end, thus 340 the major part of each cramp developed later and was analyzed by single unit identification. 341
Second, in one subject the cramp was elicited 15 s after the end of the stimulation and the peak 342 discharge rates observed for the five motor units identified from this subject (range 15 -24 pps) 343
were not substantially greater than for the other subjects. 344
The observed derecruitment rate was in the range 5-8 pps and corresponds to the 345 minimal rate at which motor neurons discharge action potentials in voluntary contractions (van 346 Cutsem et al. 1997). Furthermore, the shape of the action potentials repeated consistently over 347 time. These results indicate that it is unlikely that the detected action potentials were generated 348 at the intramuscular terminal branches of motor neuron axons and support the hypothesis of 349 involvement of spinal pathways in cramp development and extinction (Ross and Thomas 1995). 350
The discharge rates of the detected motor units were observed to decrease during the Table 1 . Stimulation frequency, stimulation current intensity, cramp duration and peak average 689 rectified value (ARV) of the surface EMG for the two cramps elicited in the second day. In the 690 first session, the cramp started during the stimulation burst in 10 out of 11 subjects, whereas in 691 the second session all cramps started during the course of the stimulation burst. The cramp 692 duration was estimated from the end of the stimulation in all the cases. The symbol "-" indicates 693 that the second cramp could not be elicited. 
